Breast cancer survival rates decrease from 99% for patients with local disease to 25% for those with distant metastases. Matrix metalloproteinases (MMPs), including MMP2, are associated with metastatic progression. We found that loss of host MMP2 reduces the proliferation of experimental metastases in the lungs and identified fibroblasts in tumour-bearing lungs as the major source of MMP2. In vitro, spheroidal mammary tumour growth was increased by co-culture with control fibroblasts isolated from tumour-bearing lungs but not when fibroblasts with stable Mmp2 knockdown were used. This result prompted us to assess whether MMP2 was responsible for a tumour-proliferative, activated fibroblast phenotype. To test this, we evaluated (i) fibroblasts from wild-type tumour-bearing lungs with or without shRNA-mediated MMP2 knockdown and (ii) normal, quiescent fibroblasts isolated from either WT or Mmp2 −/− mice. Quantitative PCR revealed that Mmp2 knockdown attenuated expression of two markers of activation (α-smooth muscle actin and vimentin), but there was minimal expression in quiescent WT or Mmp2 −/− fibroblasts, as expected. Placing quiescent fibroblasts under activating conditions led to increases 
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INTRODUCTION
Cancer progression results from a complex interplay between tumour cells and the extracellular milieu. The influence of microenvironment is of critical importance for metastasis of cancer cells, a strong determinant of patient survival [1] . Breast cancer patients have an overall survival rate of 99% if disease is localized, but this plummets to approximately 25% if diagnosed with metastases [2] . These statistics underscore the importance of understanding and ultimately defining strategies to defeat metastasis. Multiple microenvironmental as well as tumour-derived factors can contribute to metastatic progression [3] [4] [5] , and key players involved in this process include matrix metalloproteinases (MMPs) [6] .
MMPs are a family of 24 zinc-dependent endopeptidases associated with extracellular matrix degradation in health and disease [7] . MMPs are also implicated in the release and processing of growth factors, as well as in angiogenesis and immune surveillance [8] [9] [10] . Matrix metalloproteinase 2 (MMP2) is a 72 kDa member of the gelatinase subfamily of MMPs. MMP2 is overexpressed in a variety of malignant tissues compared to normal tissues, such as cancers of the breast, colon, stomach, and lung [11] [12] [13] . Increased MMP2 has been associated with advanced stages of breast cancer [14] , and decreased overall survival [15] . Its deficiency has been linked to a favourable prognosis in node-negative patients [16] . Although many MMP2 substrates have been identified [9] , the exact roles that MMP2 plays in the progression of cancer are still being uncovered.
The majority of MMPs are produced in the tumour stroma [17] [18] [19] . Studies using in situ hybridization revealed that MMP2 mRNA is localized to the fibroblast compartment in primary breast cancer tissue [20] . Co-culture of breast cancer cells and fibroblasts enhances MMP protein production, including active MMP2, in fibroblasts [21, 22] . Reciprocally, conditioned media from fibroblasts can enhance tumour growth [22] and the inhibition of MMP2 activity in fibroblasts abolishes pro-tumorigenic effects in nude mice [23] . Further, mice in which Mmp2 was genetically ablated had significantly fewer lung tumour foci in experimental metastasis assays [24] . Collectively these data point to a role for host-derived MMP2 in the metastatic progression of breast cancer. In this study, we set out to identify the mechanism by which stromal fibroblast-derived MMP2 contributes to the outgrowth of pulmonary metastases. We chose to use an experimental metastasis model for in vivo studies, in order to focus on contributions of MMP2 to the later stages of colonization and outgrowth.
MATERIALS AND METHODS
In vivo tumour models FVB/n and/or C57Bl/6 WT and Mmp2 −/− animals were maintained in the Vanderbilt Animal Housing facility and all mouse work was conducted only after review and approval by the local institutional animal care and use committee. Six to eight week old female mice were injected with one million R221A-luc [25] or E0771 cells (CH3 Biosystems, Amherst, NY) via the tail vein. Mice were imaged using the Xenogen 200 imager at defined time points 3 minutes after retro-orbital injection of 120 mg/kg luciferin. Mice were sacrificed at 1 or 2.5 weeks post inoculation. Tumour-bearing or normal lungs were perfused with sterile PBS and used for cell isolation, fresh frozen or formalin fixed for tissue analysis.
Immunohistochemistry and immunofluorescence
After formalin fixation and paraffin embedding, lungs were cut into 5 µm sections. Immunohistochemical staining was performed as previously described [25] . Sources for antibodies used were: Ki-67 (Abcam, Cambridge, MA), phospho-histone H3 (Millipore, Billerica, MA), von Willebrand factor (Dako, Carpinteria, CA), cleaved caspase 3 (Cell Signaling, Danvers, MA), and MMP2 (Abcam). Fluorescent labeling was performed on frozen sections using the following additional antibodies: vimentin (Covance, Princeton, NJ), αSMA (Sigma, Saint Louis, MO), CD31 (BD Pharmingen, San Jose, CA), CD45 (BD Pharmingen). Further details are provided as supplemental information.
Isolation of fibroblasts
Tumour lung-derived fibroblasts were isolated from the tumour-bearing lungs of FVB/n WT mice. Briefly, lung tissue was mechanically separated by mincing and straining through a 70 µm filter, followed by enzymatic digestion (collagenase and hyaluronidase, Sigma) in serum-free DMEM:F12 medium (Life Technologies, Grand Island, NY). The tissue suspension was centrifuged and the pellet washed with sterile PBS containing 5% bovine serum. Cells were then resuspended in DMEM:F12 medium with 5% serum and plated on tissue culture plastic. After 72 hours, tumour cells were separated from fibroblast cells using differential trypsinization. Tumour-derived fibroblasts were cultured in DMEM (Life Technologies) with 10% FBS on tissue culture plastic. Quiescent fibroblasts were similarly isolated from the non-tumour-bearing lungs of WT and Mmp2 −/− mice, but instead cultured in DMEM containing 1 or 2.5% FBS on collagen I-coated dishes.
Knockdown of MMP2
shRNA lentiviral particles targeting Mmp2, and control particles were obtained from Sigma, and used to infect lung tumour-derived fibroblasts from WT mice following manufacturer's recommendations. Particles encoding different shRNA sequences were used independently. Successfully infected cells were selected by culturing in the presence of puromycin. Multiclonal populations were used for subsequent experiments.
Proliferation experiments
For media-transfer assays, R221A-luc cells were suspended in 10% Cultrex (Trevigen, Gaithersburg, MD) and added to Perfecta 3D hanging drop plates (3D Biomatrix, Ann Arbor, MI). After 48 hours, spheroids were treated with control or conditioned media from Shctl or Mmp2 KD cells and this was added every other day to respective wells. At endpoint, spheroids were transferred to flat bottom 96-well plates and fluorescence was measured using a CyQuant NF assay (Life Technologies). For 3D co-culture assays, cocultures of mCherry-labeled R221A and/or Shctl or Mmp2 KD fibroblasts were embedded in Cultrex (Trevigen) and placed onto a MatTek dish (MatTek, Ashland, MA) pre-coated with Cultrex (Trevigen). Growth media were exchanged every other day. Spheroids were imaged with an Evos microscope (Life Technologies) at predefined intervals over 14 days. Metamorph software (Molecular Devices, Sunnyvale, CA) was used to measure area of red tumour spheroids.
Immunoblotting
Cells were lysed using RIPA buffer (0.1% SDS, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, 10 mM Tris pH 7.4) plus protease and phosphatase inhibitors (cOmplete Mini, EDTA-free and PhosphoSTOP; Roche, Indianapolis, IN). Following SDS-PAGE, protein was transferred to nitrocellulose, blocked and incubated with primary antibodies [MMP2 (Abcam), pSmad 2 (Cell Signaling), or Actin (Sigma)]. Secondary antibodies were directly HRP-conjugated (Cell Signaling) or biotinylated (Vector, Burlingame, CA) and detected with streptavidin-HRP. Chemiluminescent detection was achieved using Western Lightning ECL reagent (PerkinElmer, Waltham, MA).
Quantitative real time RT-PCR
RNA was isolated from fibroblasts using TRIzol reagent (Life Technologies) and an RNeasy mini-prep kit (Qiagen, Valencia, CA) or the Quick-RNA mini-prep kit (Zymo Research, Irvine, CA). Reverse transcription was performed using M-MLV (Promega, Madison, WI). Real-time PCR was performed on a BioRad iQ5 instrument using Maxima SYBR green master mix (Thermo, Pittsburg, PA) according to manufacturer's instructions. Primer details are provided as supplemental information.
Analysis of microarray datasets
Publicly available microarray expression data for breast cancer stroma isolated by laser capture microdissection (gene set: GSE33692) was obtained from the NCBI GEO website. Excel files were uploaded and analyzed on Affymetrix Genespring GX 12.5. Following baseline normalization, expression values for a given gene were imported into Graphpad Prism for correlation analysis of gene expression in each sample, generation of linear trendlines, and statistical analysis as previously described [26] .
Statistical analysis
One way analysis of variance (One way ANOVA) was used for multiple group parametric comparisons using a Bonferroni post-hoc analysis. To compare two groups, a Student's ttest was used for parametric analyses and Mann-Whitney for non-parametric analyses. Statistical significance was considered p<.05 and is indicated by an asterisk. All statistical analyses were conducted using Graphpad Prism software.
RESULTS

Host-derived MMP2 potentiates the proliferation of pulmonary experimental metastases
To determine the role of host MMP2 in the outgrowth of mammary-to-lung metastases, immunocompetent FVB WT or Mmp2 −/− mice were intravenously injected with syngeneic R221A-luc cells [25] . In vivo outgrowth was measured over time by luciferase imaging. A significant reduction in both the luminescence signal ( Figure 1A ) and the number of lung surface lesions ( Figure 1B ) was observed in Mmp2 −/− mice compared to WT mice. At the 18-day endpoint, analysis of proliferation demonstrated a significant reduction of Ki67 + staining in tumours from Mmp2 −/− animals ( Figure 1C ), with no change in apoptosis or vascularity ( Figure 1 D-E ). An independent repeat of this experiment with 5 wild-type and 4 Mmp2 −/− mice gave the same results (data not shown). Initial growth between WT and Mmp2 −/− animals was similar until approximately day 8, suggesting that initial seeding was similar in both genotypes. To evaluate early tumour growth, a second study was conducted in which mice were sacrificed after 7 days. At this time-point, there was no discernible difference in tumour burden or growth rate as determined by luminescent signal between WT and Mmp2 −/− mice (Supp Fig 1A) . However, immunohistochemical analysis of the tumour foci present revealed that proliferation (phospho-histone H3 staining) was significantly lower in tumours growing in Mmp2 −/− mice, confirming our previous finding (Supp Fig 1B) . Additionally, apoptosis was also reduced, as measured by cleaved caspase 3 (Supp Fig 1C) . The reduction in proliferation was also observed in a second, slower-growing model (E0771 cells in C57Bl/6 WT and Mmp2 −/− mice) suggesting that MMP2-dependent tumour cell proliferation is a general phenomenon (Supp Fig 2) . Together, these studies suggest that host MMP2 contributes to the outgrowth of mammary tumours in the lungs by stimulating tumour cell proliferation.
MMP2 primarily localizes to fibroblasts
Immunohistochemistry was used to localize MMP2 in tumour-bearing lung sections. We observed MMP2 expression mostly in stromal cells around the perimeter of lung metastases ( Figure 2A ) and by cells between tumour cell nests. To identify the specific stromal cell types that expressed MMP2, we performed a series of dual immunofluorescence analyses in which tissue sections were co-stained for MMP2 and one of a variety of stromal cell markers. Within the tumour microenvironment, MMP2 was mainly co-expressed with vimentin and α-SMA ( Figure 2B ), which are commonly accepted as markers of activated fibroblasts [27, 28] . MMP2 was sporadically co-expressed with CD31 and more frequently with CD45, representing endothelial and hematopoietic cell populations, respectively ( Figure 2B ). Indeed, MMP2 expression has been associated with myeloid cells recruited to tumors previously [29, 30] . To further characterize the extent of MMP2 expression by hematopoietic versus other stromal cells, we prepared single cell suspensions from 3 tumour-bearing mice and isolated different stromal populations using magnetic beads conjugated to either anti-CD45 or anti-CD90 antibodies. Cells representing the CD45+, or CD45−/CD90+, or CD45−/CD90− populations were then cultured overnight in serum-free medium, or harvested for RNA. As shown in Fig 2C, the MMP2 levels were lowest in the CD45+ population, and were higher and in the active form only in the CD45−/CD90− population, which for pulmonary fibroblasts are thought to represent activated myofibroblasts [31] [32] [33] . Real-time PCR of fibroblast-specific protein (FSP) and fibroblastactivation protein (FAP) confirmed this concept ( Supp Fig 3) . Levels of the transcript for the polyoma viral antigen (pyvt) expressed by tumour cells were equally low in the CD45-negative samples, confirming the stromal nature of the cell populations ( Supp Fig 3) . Taken together, these studies suggest that tumour-associated myofibroblasts are the major source of MMP2 in our model.
Fibroblast-stimulated tumor cell proliferation requires MMP2
The dominant phenotype associated with loss of stromal MMP2 was reduced proliferation, and previous studies have demonstrated that tumour cell proliferation can be stimulated by tumour derived fibroblasts both in vivo and in vitro [34] . Therefore, we next investigated whether Mmp2-deficient fibroblasts could alter the growth of tumour cells in vitro compared to WT activated fibroblasts. We first isolated fibroblasts from the tumour-bearing lungs of WT mice. The mice were injected with tumour cells 14 days prior, and thus we term these fibroblasts as 'tumour-bearing lung-derived fibroblasts'. The fibroblasts were grown on tissue culture plastic in the presence of serum, and resembled activated myofibroblasts. We then performed stable knockdown of Mmp2 mRNA and protein in the WT cells by infection with lentiviral particles carrying one of three different shRNA sequences to Mmp2 (Supp Fig  4) . Because 3-dimensional (3D) conditions are more representative of the in vivo environment and are often required for proliferative effects in vitro [35] , we investigated 3D tumour growth after conditioned media treatments or co-culture with Shctl or Mmp2 KD tumour-derived fibroblasts. There was a significant decrease in proliferation when tumour cells were treated with conditioned media from Mmp2 KD cells compared with parental or Shctl cells ( Figure 3A) . Additionally, when tumour cells were co-cultured in direct contact with fibroblasts, there was also a significant reduction in the rate of spheroid growth when the co-culture contained Mmp2 KD versus Shctl fibroblasts ( Figure 3B ). These results indicate that fibroblast MMP2 potentiates a tumour proliferation-enhancing function of activated fibroblasts.
Fibroblast activation status is dependent upon MMP2 expression
We next wanted to investigate whether MMP2 altered fibroblast phenotype. The change of fibroblasts from a quiescent to an activated state is associated with tumour-promoting effects, and we postulated that MMP2 may contribute to this change. Quantitative RT-PCR was used to measure the levels of mRNA transcripts associated with fibroblast activation state. For these analyses, we used two fibroblast models. Firstly, we isolated RNA from activated tumour-bearing lung derived fibroblasts described above that were either proficient (Shctl) or deficient in Mmp2 (Mmp2 KD). Secondly, we isolated quiescent fibroblasts from non-tumour bearing lungs of either WT or Mmp2 −/− mice. In isolating these fibroblasts, we endeavoured to prevent activation as much as possible by using collagen-coated dishes to prevent contact with plastic, and minimizing serum levels [36, 37] . In activated cells, knockdown of Mmp2 led to a significant reduction in the activation status of fibroblasts compared to control cells ( Figure 4A ). Additionally, there was a significant reduction in the mRNA levels of matrix molecules, including collagens I and IV and fibronectin ( Figure 4C ). The lack of MMP2 in quiescent cells appeared to make no significant difference in baseline levels of the activation marker smooth muscle actin (Acta2) from those of WT cells ( Figure  4B ). However, Acta2 levels in the quiescent cells, irrespective of Mmp2 status, were significantly lower than in the Shctl fibroblasts (Supp Fig 5A) , as was Mmp2 itself (Supp Fig 5B) . This result was expected, since we strived to maintain the cultures in a quiescent state. Similarly to activated Mmp2 KD cells, the lack of Mmp2 in quiescent cells was also associated with significantly lower levels of transcripts for collagens I and IV as well as fibronectin ( Figure 4D ). We also tested whether the quiescent cells could be activated by tumour cell-derived soluble factors, as might happen within a tumour microenvironment. As shown in Supp Fig 5C, WT but not Mmp2 −/− quiescent fibroblasts showed increases in several transcripts associated with the activated phenotype after exposure to tumour cellconditioned medium.
We next investigated if the lack of Mmp2 would impact the activation of quiescent fibroblasts. Quiescent WT or Mmp2 −/− fibroblasts were grown on collagen-coated dishes for quiescent culture, and were switched to tissue culture plastic to allow for activation. This system models the stiffness-associated activation of fibroblasts reported in the literature [38] [39] [40] [41] . When WT quiescent cells were switched to tissue culture plastic, there was a significant increase in Acta2 and vimentin mRNA transcripts compared to when the cells were grown on collagen, suggesting that these cells could be activated. In contrast, when Mmp2 −/− quiescent cells were grown on tissue culture plastic, there was no significant difference in Acta2 or vimentin levels compared to those cultured to maintain quiescence ( Figure 4E ). In fact, the Acta2 transcript levels of Mmp2 −/− cells grown on plastic remained at a similar level to those grown on collagen. This result indicates that these cells were not changing to an activated state. Examination of mRNA levels of collagens I and IV in quiescent fibroblasts after 24 hours on plastic revealed no change in expression from those grown on collagen ( Figure 4F ). However, these transcripts were lower in the Mmp2 −/− cells, irrespective of culture surface. Our studies suggest that MMP2 expression regulates fibroblast activation status and expression of extracellular matrix transcripts.
MMP2-dependent fibroblast activation and collagen expression is mediated by TGFβ-1
We next investigated the underlying cause of reduced fibroblast activation. TGFβ-1 is a known activator of fibroblasts in wound healing and fibrosis [42] and is a recognized promoter of the differentiation of fibroblasts to myofibroblasts in breast cancer [43] . We first tested whether the activation of quiescent fibroblasts by culture on plastic was associated with activation of the canonical TGFβ-1 signaling pathway. Lysates from quiescent WT or Mmp2 −/− fibroblasts either grown on collagen or after 24 hours on plastic in high serum were analysed for presence of pSmad2, the immediate downstream effector of TGFβ-1 receptor activation [44] . As shown in Figure 5A , lysates of fibroblasts cultured on plastic, but not collagen, demonstrated measurable levels of pSmad2. To show that this was indeed directly related to TGFβ-1, we used a TGFβ-1 neutralizing antibody (2G7) or isotype control (12CA5) in these cultures and found that the increased pSmad2 associated with growth on plastic was ameliorated. We then turned to the tumour-bearing lung-derived fibroblasts to assess whether TGFβ-1 signaling was critical for their activation. Previous work from our laboratory demonstrated that MMP2 can release TGFβ-1 from its latent binding partner LTBP3, thereby allowing active TGFβ-1 to initiate signaling and exert its downstream effects [45] . We thus tested whether we could rescue the decreased matrix production phenotype in Mmp2 KD cells by the addition of active TGFβ-1. Collagen I and IV mRNA transcripts increased in Mmp2 KD fibroblasts in response to active TGFβ-1 ( Figure 5B ) to similar levels as shctl cells. Notably, shctl fibroblasts showed no effect, suggesting they were already maximally responsive. To test whether addition of MMP2 to Mmp2 KD cells could revert the phenotype in a manner dependent on TGFβ-1, we used exogenous recombinant active MMP2 in the presence of the 2G7 TGFβ-1 neutralizing antibody or isotype control antibody. In Mmp2 KD fibroblasts, collagen expression was stimulated by recombinant active MMP2 but not in the presence of the TGFβ-1 neutralizing antibody ( Figure 5C ). As expected, addition of recombinant MMP2 to shctl cells, like TGFβ-1, had no effect (data not shown). Since these data suggested a critical link between MMP2 and active TGFβ-1 signaling in fibroblasts, we returned to the tumor model to test in vivo relevance. Immunofluorescent staining of pSmad2 showed significantly higher levels associated with tumours in wild-type mice compared to Mmp2 −/− mice ( Figure 5D, Supp Fig  6) . Taken together these results are consistent with a model whereby MMP2 regulates the phenotype of tumour-derived fibroblasts by activating TGFβ-1.
MMP2 correlates with collagen signatures in stroma of breast cancer patients
Our data are supportive of an MMP2-dependent collagen signature in mouse models. We next confirmed the relevance of these findings to human breast cancer patients. We used a publicly available dataset, GSE33692 from Knudsen and colleagues [46] , which comprised stromal tissue from 45 breast cancer patients with ductal carcinoma in situ or invasive ductal carcinoma, to explore the relationships between expression of MMP2 and various stromal molecules. As expected from our proposed model of MMP2-mediated TGFβ-1 activation, there was no significant correlation between MMP2 and TGFβ-1 expression ( Figure 6A ). There were however, significant correlations between expression of MMP2 and the activation markers ACTA2 and vimentin ( Figure 6B-C) . Importantly, MMP2 expression correlated with collagen I expression in the stromal compartment of human breast cancers ( Figure 6D ).
DISCUSSION
Our data show that in two different models and genetic strains (PyVT-R221A cells in FVB/n mice and EO771 cells in C57BL/6 mice), lung tumours proliferate less in the absence of host-derived Mmp2. These results echo findings from other metastasis models that demonstrated reduced tumour growth when MMP2 was absent from host cells [24] . Both spontaneous and experimental metastases of B16 melanoma and Lewis Lung Carcinoma (LLC) cells were reduced in Mmp2 −/− animals. In contrast to our findings, however, the effects were attributed to reduced angiogenesis in mutant animals. We observed no significant change in overall vascularity between WT and Mmp2 −/− animals, but rather reduced tumor cell proliferation. Our assessment of vascularity was performed using tumour foci of similar sizes to allow direct comparison. The localization of MMP2 to fibroblasts is supported by previous studies conducted in primary breast cancers [20, 47] , and suggests that these cells play an integral role in MMP2 dependent tumour cell proliferation.
Our in vitro proliferation findings show that there was a significant decrease in the growth of tumor cells treated with conditioned media from Mmp2 KD cells in 3D compared to media from control cells. Significant decreases in tumour cell proliferation were also seen when Mmp2 KD fibroblasts and tumour cells were in direct contact compared to control fibroblasts. Together these results suggest a role for soluble growth factors, and perhaps also contact-mediated effects. Identification of relevant soluble factors is ongoing; however, matrix molecule production by the fibroblasts may also play a role. Previous studies have shown that modulation of collagen density and architecture by fibroblasts leads to tumour cell proliferation and progression in mouse models of breast cancer [48, 49] .
Many studies have shown that tumour-associated fibroblasts exhibit an activated phenotype that resembles differentiation into myofibroblasts. These activated cells enhance tumour growth both in vivo and in vitro [34, 50] . Because MMP2 localized to fibroblasts in vivo and its loss impacted tumour growth, we investigated if reduced proliferation could be due to altered fibroblast activation. Indeed we found that in the absence of MMP2, tumourassociated fibroblasts exhibited reduced activation, as assessed by Acta2 and matrix collagen expression. Additionally, quiescent fibroblasts exposed to activation-inducing conditions were unable to become activated in the absence of Mmp2, suggesting that Mmp2 is required for full fibroblast activation. Independent of fibroblast activation status, however, we found that reduced Mmp2 expression is associated with reduced collagen expression. In support of this, studies of cardiac fibrosis have found that Mmp2 stimulates collagen I expression in cardiac fibroblasts and that this occurs through FAK phosphorylation [51] , which is necessary to mediate some TGFβ-1 dependent matrix remodeling [52] .
TGFβ-1 is an important mediator of the transition from quiescent to a reactive stroma [44] . In fibrotic conditions, TGFβ-1 induces the differentiation of quiescent fibroblasts to myofibroblasts. These activated fibroblasts then release proteases and cytokines that induce the activity and production of TGFβ-1, creating a feed-forward loop and continual cycle of matrix remodeling. More importantly for our studies, activation of the TGFβ-1 pathway leads to the production of collagens. This, coupled with previous studies from our lab [45] , prompted us to investigate TGFβ-1 as the molecular mediator of Mmp2-dependent collagen expression. Indeed, we found that active TGFβ-1 was sufficient to restore collagen expression in the absence of Mmp2. Additionally, Mmp2-dependent increases in collagen expression could be ablated by neutralization of TGFβ-1 and not with control antibody. Studies of fibrosis similarly found that MMP2 was essential for active TGFβ-2-induced fibrosis and matrix contraction [53] .
While high mammographic density, which is associated with increased fibrillar collagen [54, 55] , is a known risk factor for breast cancer development [56] , there is also an association of increased collagen with aggressiveness [57] and metastatic lesions [58] . Furthermore, COL1A1 and COL1A2 were part of a 17-gene signature associated with decreased survival in multiple primary solid tumors [59] . Our correlative studies of MMP2 and collagen expression support a model in which increased MMP2 expression is associated with collagen in the stroma of breast cancer patients. These studies shed light on a novel mechanism whereby MMP2 promotes breast tumor progression by mediating increased collagen expression. Although MMP2 expression may be protective in some disease settings [60, 61] , this appears not to be true in breast cancer.
Stromal MMP2 expression and its pleiotropic effects present a possible therapeutic target for breast cancer patients. Past cancer clinical trials used broad spectrum inhibitors with debilitating side effects to target multiple MMPs [62, 63] . However, we now realize the importance of using selective inhibitors, due to the detrimental effects of inhibiting protective MMPs as well as the importance of cell type-specific MMP production. Our studies reveal a new role for MMP2 in breast cancer progression by enhancing tumor cell proliferation, potentially via regulating collagen in fibroblasts. Reduction of MMP2 levels in an effort to curb tumour-promoting collagen expression might provide improved treatment modalities for breast cancer metastasis. 
